At the end of August 2009, wild fires ravaged the north-eastern fringes of Athens destroying invaluable forest wealth of the Greek capital. In this work, the impact of these fires on the air quality of Athens and surface radiation levels is examined. Satellite imagery, smoke dispersion modeling and meteorological data confirm the advection of smoke under cloud-free conditions over the city of Athens. Lidar measurements showed that the smoke plume dispersed in the free troposphere and lofted over the city reaching heights between 2 and 4 km. Ground-based sunphotometric measurements showed extreme aerosol optical depth, reaching nearly 6 in the UV wavelength range, accompanied by a reduction up to 70% of solar irradiance at ground. The intensive aerosol optical properties, namely the Ångström exponent, the lidar ratio, and the single scattering albedo, showed typical values for highly absorbing fresh smoke particles. In-situ air quality measurements revealed the impact of the smoke plume down to the surface with a slight delay on both the particulate and gaseous phase. Surface aerosols increase was encountered mainly in the fine mode with prominent elevation of OC and EC levels. Photochemical processes, studied via NO x titration of O 3 , were also shown to be different compared to typical urban photochemistry.
Introduction
Biomass burning is a significant source of gases and particulates both at regional and global scales, having significant radiative effects and subsequent climate impacts (e.g. Crutzen and Andreae, 1990) . According to IPCC-AR4 , smoke has a contribution of roughly þ0.04 AE 0.07 W m À2 to the global radiative forcing. This impact has been the subject of particular interest since the extent of biomass burning increased significantly over the past 100 years, and is currently recognized as a significant global source. Southern Europe is a fire-prone area, expected to be even more affected by wild fires in the future. Future scenarios on climate change indicate that the already hot and semi-arid climate of southern Europe is expected to become warmer and drier and such climate conditions may trigger increased fire occurrence (Giannakopoulos et al., , 2011 . Greece in particular, faces a severe threat from forest fires, which is evident from the number of fires that break out every year. Especially for the Attica peninsula, the MODIS active fire product recorded around 2000 instances during the last decade, mainly in August and July. Two maxima were identified, one in 2007 (27% of the fires in the decade), attributed to the exceptionally hot and dry conditions during that summer (Founda and Giannakopoulos, 2009) ; and one in 2009 (23% of the fires in the decade).
Recent studies demonstrate the significant role of biomass burning aerosols in the Eastern Mediterranean (e.g. Sciare et al., 2008) , with negative surface radiative forcing and large positive atmospheric forcing values, nearly identical to the highly absorbing south Asian haze over the Arabian Sea (Markowicz et al., 2002) . Only few studies demonstrate the smoke impact on the air quality and radiation over Greece and most of them are concentrated to the advection of air masses from fires in Southern Eastern Europe (Balis et al., 2003; Amiridis et al., 2005; Kazadzis et al., 2007; Amiridis et al., 2009a,b; Sciare et al., 2008; Gerasopoulos et al., 2011) , or those during summer 2007 in Peloponnese peninsula (Liu et al., 2009; Turquety et al., 2009 ). In the first case, the studies report on the effect of aged smoke on long-term ground-based measurements, while in the second case, the evolution of the smoke plume is described, based on satellite observations. At a climatological basis, Karanasiou et al. (2009) , reports that aerosol PM 10 mass concentrations in Athens are regularly affected by biomass burning with a mean contribution ranging from 7 to 9%. However, none of the aforementioned studies has put insight on the impact of fresh smoke from local fires, on the background air pollution levels of an urban environment.
In addition to the direct fire damage, the 2009 fires in the Attica peninsula degraded the air quality of the urban Athens area, due to large quantities of gaseous air pollutants and particles emitted. In this study, the 2009 fires near the city of Athens and their impact on urban air quality and surface radiation fields are investigated.
Data and methodology

Surface radiation and aerosol columnar properties
Since February 2009, the National Observatory of Athens (NOA/ ISARS) is continuously operating the ground-based Atmospheric Remote Sensing Station (ARSS), to monitor radiation levels at ground and aerosol loadings over the city of Athens (Amiridis et al., 2009a,b) . ARSS is located on the roof of the Biomedical Research Foundation of the Academy of Athens (BRFAA, 37.9 N, 23.8 E, 130 m a.s.l.) . ARSS is equipped with a CIMEL sunphotometer and a UV-MFR radiometer. In addition, a Brewer MKIV monochromator operates since June 2003 (Zerefos and Eleftheratos, 2007) . The UV-MFR is used to measure both total and diffuse irradiance at seven specified wavelengths (from 300 to 368 nm). The Brewer spectroradiometer is used to measure the erythemal irradiance during the event.
Measurements of the aerosol optical depth (AOD) at 8 wavelengths from 340 to 1640 nm are performed at ARSS using the CIMEL sunphotometer (as part of NASA's AERONET, Aerosol Robotic Network, http://aeronet.gsfc.nasa.gov). The technical specifications of the instrument are given in detail by Holben et al. (1998) . Additional AODs have been retrieved from the UV-MFR by means of Langley plot analysis (Harrison and Michalsky, 1994) .
Aerosol vertical distribution
The NTUA (National Technical University of Athens) 6-wavelength Raman lidar system is used to perform measurements of the aerosol vertical structure in the free troposphere (Mamouri et al., 2009) , at a horizontal distance of 400 m from ARSS. The measurement of the elastic-backscatter signal at 355 and 532 nm, as well as that of the N 2 inelastic-backscatter signals at 387 and 607 nm, permit the determination of the extinction and backscatter coefficients, from which the extinction-to-backscatter ratio (lidar ratio -LR) at both wavelengths (355 and 532 nm) is calculated. Quality assurance both at hardware and algorithm (Pappalardo et al., 2004) level, is assured within the frame of the European Aerosol Lidar Network (EARLINET).
Aerosol and air pollutants at surface
Measurements of aerosol physicochemical properties during the fire were available from the GAW Regional NCSR Demokritos station, DEM 38.0 N 23.8 E (270 m a.s.l.), operating in the periphery of the Athens Metropolitan Urban area. Black carbon (BC) concentrations were obtained by a seven wavelength AE-31 Aethalometer (Maggee Sci.) and were used as a surrogate parameter for the mass associated with light absorbing aerosol. Elemental and Organic Carbon (EC and OC) concentrations were obtained by a Thermooptical analyzer (Sunset Labs) on PM 2.5 prefired Quartz filter samples, the total mass of which obtained by gravimetric analysis.
Additional nitrogen oxides (NO x ), surface ozone (O 3 ) and particulate matter (PM 2.5 and PM 10 ) concentrations, at five sites in the Greater Athens Area (GAA), were used (Fig. 1) . NO x and O 3 concentrations were provided on an hourly basis, whereas PM data were available on a daily basis. Detailed description of the sites and instrumentation can be found in Grivas et al. (2008) .
Synergistic measurements and modeling tools
MODIS active fire product (Giglio et al., 2003) was used to identify the fire locations and the smoke emissions needed for dispersion modeling. To estimate the total burnt area from the fires, Burn Scar Mapping (BSM) has been carried out within the framework of SAFER (Services and Applications for Emergency Response) GMES project, using Landsat-TM images (Kontoes, 2008) . The method has been intensively used and operationally validated over Greece, in the framework of the RISK-EOS project (www.riskeos.com).
To simulate transport processes, we employed the Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005 (Stohl et al., , 2007 . The model is driven by operational analysis data from the ECMWF model. Following Seiler and Crutzen (1980) , the emissions of carbon monoxide (CO) from the fires were estimated and used as a tracer for dispersion of the fire plume. Finally, satellite data from GOME-2 were used for the retrieval of NO 2 using the differential optical absorption spectroscopy, DOAS (e.g. Richter and Burrows, 2002) .
Evolution of the fires and the smoke plume
Fire geographical extent
In August 2009, wild fires ravaged the north-eastern fringes of Athens, destroying great part of the capital's forests. The fire was ignited on August 21, about 40 km NE of Athens, and quickly intensified due to the prevailing strong North-eastern winds, that spread the major front of the flames toward Mount Penteli, during the following four days. Fig. 1 shows the burnt areas as identified using a Landsat-TM satellite image acquired on 12 of October 2009, soon after the 2009 fire season (left panel). These areas coincide with the fire incidences detected by MODIS in the time period between 20 and 25 of August 2009 (not shown). The BSM_NOA methodology revealed a total burnt area of 13,045 ha. From that, 5786 ha were transitional woodland shrub. The rest were coniferous trees (470 ha), natural grassland (261 ha) and other land cover classes including urban and agricultural land (2468 ha). The figure also reveals that the large fires occurred in the wildland/ urban interfaces (urban areas are represented in gray color). The locations of the stations used in this study are superimposed.
Smoke signature over GAA and advection over Athens
On August 21, an Etesian wind regime was established over Greece (Prezerakos, 1984) . Fig. 2 (left panel) shows the maximum wind speed, as recorded at the surface meteorological station at Penteli (w500 m high in the north-eastern part of GAA). It is noteworthy that during the whole period the wind direction was from the northern sector with north-northwest being the prevailing direction ( . On August 23, the northerly winds increased again to strong (04:00e10:00 UTC) with gusts that reached 17.3 m s À1 at 09:00 UTC. Measurements at different stations inside the GAA (not shown here) confirmed the described conditions. These findings support that during the early time of the forest fire, the conditions intensified the spread of the forest fire, while during the period 22e23 August the transport of the smoke plume toward the central part of the GAA and over the city of Athens was favored.
The impact of the wild fires on air quality over GAA, on August 22e23 was well captured by GOME-2 observations of the tropospheric column amounts of NO 2 (Fig. 3) . Both days the NO 2 plume coincides with the smoke plumes as seen by MODIS. During the peak of the wild fires, on August 22, the vertical column density was (9.9 AE 4.0) Â 10 15 molecules cm À2 . The estimated uncertainty is the upper limit (80%) of the GOME-2 tropospheric column uncertainty reported for polluted conditions (Valks et al., 2011 In addition to NO 2 observations, CO tracer simulations by the FLEXPART dispersion model for August 22 and 23, at 10:00 UTC, are presented in Fig. 4 (upper panels). Three major smoke plumes are visible, related to the active fires in the region. We focus on the denser central plume which affected the city of Athens. The lower panels of Fig. 4 show the vertical sections of the CO tracer concentrations along the black line plotted in the upper panels. According to FLEXPART simulations, the CO tracer generated by the fires filled the boundary layer up to approximately 3 km a.s.l. near the source and over the city of Athens. Maximum CO concentrations are found to be up to 400 mg m À3 along the central plume axis.
During the entire transport along the Aegean Sea, the CO tracer remained below about 2e3 km, as vertical transport was capped by the anticyclonic subsidence. backscatter coefficients were found up to 3 km height. FLEXPART simulations of the smoke vertical transport found to be consistent with the lidar measurements. However, lidar measurements indicate that during August 22, the smoke plume reached heights also between 4 and 5 km. It is evident from Fig. 5 that the higher aerosol concentrations were recorded on August 22. August 23 also revealed high backscatter returns in relation to 21 and 24, however, the aerosol load was located in lower altitudes, most probably only within the planetary boundary layer.
AOD measurements at 368 nm from the UV-MFR (Fig. 6a) , show extreme values, between 15:00 and 18:00 UTC in the afternoon of 22, and between 2:00 and 4:00 UTC during August 23. In addition, high AOD values were recorded for a limited time during August 21, resulting from another weaker fire in the south west of Athens. Colocated CIMEL measurements at 500 nm (Fig. 6b) show very high AODs as well for August 23. However, the cloud screening methodology, regularly applied in the CIMEL post production AOD calculation, lead to the elimination of a number of measurements during the intense smoke event (morning of the 22 and part of 23 of August, Fig. 6b e lower panel) . From the available CIMEL measurements it is evident that the AODs recorded during the smoke episode were well above the climatological value of AOD at 500 nm over Athens for August, which is equal to 0.23 AE 0.09 (black/dotted lines in Fig. 6b, lower panel) . It is also evident that the aerosol fine mode strongly dominates over the coarse mode. The presence of fine particles is indicated also in the upper panel of Fig. 6b , which presents the 440/870 nm Ångström exponent, along with the mean climatological value of this parameter for August (1.51 AE 0.21). Such values are typical for fresh smoke measured in Amazonian forest and African Savannas (e.g. Reid et al., 2005) . In general, the monthly mean values of the Ångström exponent in Athens present their maxima on July and August (e.g. Gerasopoulos et al., 2011) .
It has to be kept in mind that beyond smoke, local sources of anthropogenic pollution in the planetary boundary layer may have additionally contributed to the overall signal. Therefore, the measured columnar properties are attributed to a mixed aerosol state of smoke with anthropogenic pollution. However, Raman lidar measurements for August 22 in the free tropospheric region (considered unaffected by anthropogenic pollution), also revealed extinction and backscatter-related Ångström exponents, which ranged between 1.0 and 2.0 (Fig. 7) . The lidar ratios from these measurements ranged between 70 and 90 sr, showing no wavelength dependence between 355 and 532 nm. The lidar-related values reported here, indicate typical properties of fresh smoke (e.g. Mueller et al., 2007) . Values of the same order were retrieved for the columnar lidar ratio also by the AERONET inversion algorithm on August 23, when high AODs were accompanied by high Ångström values. These lidar ratios of the order of 78 sr at 440 nm, showed however a wavelength dependence, with a ratio of the lidar ratios between 440 and 870 nm to be of the order of 1.5. The reasons for this discrepancy are not yet fully understood and determined (see Mueller et al., 2007) .
High values of the lidar ratios denote also the absorption nature of the fresh smoke particles. This behavior is evident when we examine the columnar absorption retrievals from the AERONET microphysical inversions. Specifically, on August 23 AERONET revealed a single scattering albedo (ssa) of 0.77 at 440 nm, at 05:07 UT, corresponding to the fresh smoke advection, while at 16:03 UT, the ssa reached 0.84. The ssa value of 0.77 is consistent with the one reported by Reid et al. (2005) for fresh smoke from flaming scrub forest fires. Moreover, the vegetation type is consistent with the source examined here according to the burnt scar mapping presented in Fig. 1. 
Aerosol radiative impact
The smoke aerosol load over Athens had a strong impact on surface radiation fields. The erythemal irradiance measured by the Brewer spectroradiometer is shown in Fig. 8a . During August 22, the plume was directed toward the station from the morning until 12:00 UTC. Then, due to the change of the wind direction, solar irradiance was practically unaffected by the plume compared to August 19, as the direct sun optical path was clear. On August 23, the smoke was above the station for the whole day, resulting in a reduction of the erythemal irradiance from 160 to 40 mW m À2 .
Similar results were reported from the UV-MFR irradiance data (UV-B and UVA wavelengths). To understand the wavelength dependence of the aerosol effect on UV irradiance, 1-min ratios of the irradiances for days 20e24, in respect to the ones recorded on cloudless August 19, are shown in Fig. 8b . Ratios shown here correspond to the same solar zenith angles. During August 22 and 23, reductions up to 95% and 80% were found, respectively, for UVA global irradiances. Comparing UV-B (311 nm) and UVA (368 nm) results, it is shown that the reduction in the UV-B irradiance is stronger. This is due to the enhanced aerosol scattering at lower wavelengths, which absorbs radiation at 311 nm wavelength. Looking such ratios in more detail, independently for global, diffuse and direct solar irradiance measurements (Fig. 8c) , the reduction of the different irradiance components on August 23 is shown for together with the calculated AOD during this day. The smoke effect in the direct component on August 23, showed maximum reductions in the range of 30% up to 95%. The diffuse irradiance shows smaller reduction (about 20% on average) during that day. The contribution of the two components in the global irradiance reduction depends on the solar zenith angle, as around noon the direct contribution to the global irradiance reaches a maximum (due to the shorter optical path), thus the total reduction in the global irradiance is higher. Investigating the diffuse-global and direct UV reduction due to AOD variability, we have calculated the anti-correlation of each component reduction with the normalized (with the cosine of solar zenith angle) AOD (AODn), in order to consider the effect of the optical path. Results showed that Diffuse/Global/Direct irradiance reduction at 368 nm had a rate of À10.1%/À21.0%/À32.2% per unit of AODn, respectively, taking into account the AOD changes for the specific day. It is worth to note that for the whole period clouds were absent, so the reduction of the solar irradiance was purely due to aerosols (local background plus fire event).
Impact on surface aerosol levels and air pollutants
To study the impact of the smoke plume on surface air quality, three different groups of stations, depending on the distance from the plume path are chosen. Koropi station is located near the centerline of the plume and is classified here as "major impact". Ag. Paraskevi and Demokritos stations are located at a distance of about 3 km perpendicular to the plume axis and to the west, characterized as "moderate impact". Finally, Marousi-Lykovrisi-Thrakomakedones stations were not affected by the smoke plume (located at distances in the range 7e12 km perpendicular to the plume axis to the west) and are characterized as "no impact". For the "no impact" stations a total average for each parameter was extracted, since no significant deviation in pollutant levels was measured.
Regarding PM 10 , the urban background level during the period of study, as drawn from the "no impact" stations ( Fig. 9a) , demonstrating the dominance of fine particles near the surface due to the fire plume. The PM 2.5 concentrations were also recorder at the To identify the signature of the fire on the chemical composition of surface aerosols, and in particular at the dominant PM 2.5 fraction, the filters were analyzed for OC and EC. In Fig. 9b , it is shown that on August 22 and 23 both OC and EC presented large values, 13.5 and 1.4 mg m À3 , respectively, compared to average site levels, in the order of 2e4 and 0.5e1 mg m À3 (unpublished data), but also to the days after the fire episode. To overcome the different temporal resolution of the filter samplings compared to the rest of the stations, we have additionally plotted continuous measurements of BC. It is evident that the major impact is encountered on the evening of August 22 and during August 23, in slight delay with the signal captured from the columnar measurements.
Compared to other anthropogenic sources, during forest fires, more OC than EC is emitted, resulting in a relatively higher OC/EC ratio (Gelencsér et al., 2007; Watson et al., 2001) . During the 2003 intense forest fires in Portugal, the OC/EC ratio was up to 7, compared to baseline periods, when it has values around 3 (Pio et al., 2008) . At "Demokritos" site the average OC/EC ratio is about 4 (unpublished data) and during the case study (Fig. 9b, internal panel) it ranged between 10 and 14. An even higher value of the ratio (22) during the following days is due to the unusually low concentration of EC.
The impact of the smoke plume was also observed in the gaseous phase. In-situ air quality measurements show a remarkable temporal and spatial variability, demonstrating the impact of smoke on local air quality and photochemical processes. Our analysis of O 3 and NO x (NO 2 þ NO) measurements presented in Fig. 10 , focuses on two time windows centered around the smoke episode and a typical period of urban photochemical processes. It has to be kept in mind that during August, habitants of Athens are taking their vacations, therefore NO x levels are low, while during their return (end of August) traffic emissions are evident.
At the "major impact" station, NO x values gradually climbed from below 10 mg m À3 to 94 mg m À3 during the smoke episode starting on August 22, while at the same time O 3 decreased by 50 mg m À3 . The timing of these changes, initially with the absence of active photochemical processes, demonstrates NO x emissions from the fire, which gave rise to ozone removal through the process of titration (reaction of O 3 with NO to NO 2 and O 2 ). At the "moderate impact" station, NO x peaked at about 30 mg m À3 , while O 3 still anticorrelated with NO 2 , presented a slighter decrease. Finally, no changes that could be attributed to the fire were observed in the "no impact" sites, a fact serving as reference for the impact of the fire plume on the local air quality levels and processes. To this direction, the slope of O 3 vs. NO x during the presence of the smoke plume and during the traffic activity period (right panels of Fig. 10 ), was additionally investigated for the three different impacted types. It is evident that in both "major" and "moderate" smoke impact stations, the slopes (0.7e0.9) indicate direct and almost 1:1 NO x titration of O 3 , while the respective slopes for traffic conditions are much higher (1.3e1.7), indicating more complex photochemical processes. In all cases, the reduction of solar irradiance and consequently of O 1 D and NO 2 photolysis rates is considered as an additional possible factor that affects O 3 eNO x photochemistry.
Summary and conclusions
Fires burning near urban environments may produce particularly dense pollution plumes that carry a mixture of anthropogenic and biomass burning pollutants and result in chemical processes that are different from those within pure biomass burning or pure anthropogenic pollution environments. In this paper, the temporal evolution of the major pollutants, at different distances from the plume, is presented, in order to demonstrate the effect of primary fire emissions at a typical urban environment. The synergy of ground-based lidar, sunphotometric and surface measurements of particulate and air pollutants allowed estimating key characteristics of the smoke observed over Athens. These results are important (a) for aerosol characterization, (b) for the interpretation and improvement of satellite retrievals, (c) for radiative transfer calculations and (d) deeper investigation of chemical processes. The above are rather crucial for the region under study, both for aerosol radiative forcing of absorbing smoke and the effects on the photochemical activity (e.g. Zerefos et al., 2002) .
Interesting features for 2009 Athens' fires are here demonstrated for the first time: Lidar measurements showed that the smoke plume was distributed homogenously within the PBL of Athens, reaching in cases free tropospheric heights (2e4 km). Both columnar aerosol retrievals and surface measurements revealed the dominance of fine over coarse mode. The absorbing characteristics of the smoke plume were identified, as high concentration levels of both EC and OC, leading to low values of the columnar single scattering albedo, typical for fresh smoke. Emission of NO x from the fires had a direct and almost 1:1 impact on O 3 concentrations, indicating different photochemical processes than normal. The reduction of solar irradiance, found to be of the order of 70%, which is considered as an additional possible factor that affected O 3 eNO x photochemistry.
Forest fires occurring near highly populated cities are of particular concern since they add to the impacts caused by high urban pollution levels. Further elaboration on the processes taking place during similar fire events near urban centers could make use of the results presented in this paper. The knowledge of the optical properties of smoke in this region is very important for climatic studies, taking also into account the increasing trend of forest fires during the last decade, mostly due to prolonged dry summers.
